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Summary
Background: A high correlation between transcranial Doppler pulsatility index (PI) increase and
intracranial hypertension has been recently demonstrated in most neurosurgical patients. But
in patients with hydrocephalus PI is sometimes controversial. This may be due to a different
degree of cerebral autoregulation (CA) under condition of cerebral perfusion pressure decrease.
Purpose: To compare the results of PI and CA assessment in patients with hydrocephalus.
Material and methods: Twenty-six patients (aged 16—52; male — 9, female — 17) with various
types of hydrocephalus were studied. We monitored blood ﬂow velocity in middle cerebral
arteries with Multi Dop X and systemic blood pressure with Finapres-2300. CA was assessed with
cuff test (evaluation of ARI) and cross-spectral analysis of spontaneous oscillations of cerebral
and systemic hemodynamics within the range of Mayer’s waves (evaluation of phase shift in
radians — PS).
Results: Depending on presence of intracranial hypertension (ICH), all patients have been
divided in two groups. Mean values of PI did not differ signiﬁcantly in both groups. At the
same time ARI and PS were considerably (p < 0.01) higher in patients without signs of ICH. In
group of patients with ICH postoperative clinical improvement was accompanied with consider-
able (p < 0.05) increase of PS. In group of patients without ICH we did not observe any positive
changes in neurological state postoperatively.
Conclusion: Preoperative CA assessment being more informative than PI evaluation can increase
transcranial Doppler valuability in noninvasive diagnostics of cerebral spinal ﬂuid dynamics and
may be helpful in clarifying indications for operation in patients with hydrocephalus.
© 2012 Elsevier GmbH. Open access under CC BY-NC-ND license.∗ Corresponding author.
E-mail address: lbcp@mail.ru (V. Semenyutin).
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he disturbance of cerebrospinal ﬂuid (CSF) circulation in
ystem of CSF pathways owing to the various reasons (impair-
ent of CSF production and absorption, the mechanical
lock) can cause development of hydrocephalus. Depending
n compensating capabilities of brain this pathology may not
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catheter and external transducer (Becton Dickinson). Sig-
nals of CSF pressure through an analog input submitted to12
ave clinical symptoms or, being accompanied by increase
f intracranial pressure (ICP), can give a clinical picture
f intracranial hypertension (ICH) syndrome. In the latter
ase carrying out surgical treatment — correction of the dis-
urbed CSF circulation by means of shunting or endoscopic
ntervention — is required. Nevertheless in some cases,
hen ICH is doubtful or has temporal character, the data of
linical examination, computed tomography/magnetic res-
nance scanning of the brain appear insufﬁcient for deﬁning
ndications for operations.
For today long-term monitoring of ICP with infusion
ests (IT) in various modiﬁcations (external lumbar drainage
est [11], Marmarou’s bolus method [15], Katzman—Hussey’s
ethod with constant-rate infusion of physiologic saline
2,12]) is used as ‘‘the gold standard’’ and can help to make
he correct solution. They allow to deﬁne not only ICP or
ressure of CSF, but also to estimate other parameters, such
s rate of CSF production, resistance of outﬂow, elastic-
ty, pressure—volume index, compliance, which characterize
ystem of CSF pathways as a whole. Besides, monitoring of
CP, at least within 30min, and according to some authors
p to 24 h, plays an essential role for an estimation of
ccurrence and amplitude of slow intracranial B-waves and
lateau-waves [4,23].
The received data can be very important for the choice
f tactics of treatment, particularly, in patients with idio-
athic normal pressure hydrocephalus (INPH). But at the
ame time, it is necessary to recognize, that IT are invasive
nd potentially bear the risk of development of inﬂamma-
ory complications that limits their wide application as the
ool of preoperative diagnostics in many neurosurgical clin-
cs.
Thus search of adequate noninvasive methods for esti-
ation of functional state of CSF pathways system seems
o be an actual task from clinical and fundamental point
f view. Occurrence of various symptoms of hydrocephalus
re supposed to be connected with different morphological
hanges in white matter among which brain tissue distor-
ion, diffusion of CSF containing vasoactive metabolites into
eriventricular areas [17] are most evident. Decrease of
erebral perfusion pressure (CPP) in case of impaired cere-
ral autoregulation (CA) can lead to decrease of cerebral
lood ﬂow and an ischemia. Surgical treatment of hydro-
ephalus, as a rule, restores CPP up to normal values,
mproves CA which is accompanied with regression of neu-
ologic deterioration. At present time there are various
oninvasive methods which are used for an estimation of
erebral blood ﬂow (SPECT, pwMRI, PET-Xe133) [14,19,21,22]
ut they are cumbersome and expensive. As an accessible
nd adequate method for its evaluation can be used tran-
cranial Doppler (TCD), allowing the bedside registration of
lood ﬂow velocity (BFV) in the basal cerebral arteries. It
as established that this parameter is an equivalent of cere-
ral blood ﬂow if the diameter of insonated vessel during
egistration remains constant [18]. Possibility of noninvasive
iagnostics of ICH by means of pulsatility index (PI) on the
ase of TCD was shown in different pathologies [8,9,16].
owever in patients with hydrocephalus PI is not always
nformative. It could be explained with various degree of CA
mpairment under conditions of decreased CPP. The results
f CA estimation by means of TCD in patients with hydro-
ephalus are limited or inconsistent [3].
M
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urpose
o compare the results of PI and CA assessment in patients
ith hydrocephalus.
aterials and methods
wenty-six patients (aged 16—52; male — 9, female — 17)
ith various types of hydrocephalus were studied: INPH —
5, hypertensive hydrocephalus — 11 (communicating — 3,
cclusive — 8). The obstruction of CSF pathways was diag-
osed at the level of cerebral aqueduct or foramen of Monro.
t was caused by inﬂammatory process or tumor located in
he region of the third or fourth ventricle.
The primary diagnosis of hydrocephalus was based on the
esults of computed tomography (CT) and magnetic reso-
ance (MR) imaging. The main complaints on admission were
ifferent types of headache, dizziness, and in some cases
akim triad (gait disturbance, incontinence, memory and
ehaviour disfunctions).
An examination was carried out according to standard
eurosurgical protocol, which contained basic clinical, neu-
ologic, ophthalmologic inspection of the patient. The size
f ventricles according to CT/MR imaging was assessed with
he help Evans’s craniocerebral index [7,20]. The degree
f psychopathologic disorders was estimated with Frontal
ssessment battery (FAB) score [6].
All patients on admission underwent non-invasive mon-
toring of systemic blood pressure (BP) with Finapres-2300
Ohmeda) and BFV in both middle cerebral arteries (MCA)
ith Multi Dop X (DWL). In operated patients postopera-
ive investigation was carried out 10 days after surgery.
uring monitoring a patient was in supine position with
is head tilted up to 30◦. Continuous recording was car-
ied out during 10min. It was done at rest and spontaneous
reathing, corresponding to normal ventilation [13]. CA
as assessed by cuff test [1] and cross-spectral analysis of
low spontaneous oscillations of BP and BFV in MCA within
he range of Mayer’s waves (80—120mHz) [5]. An index of
utoregulation (ARI) and phase shift (PS) between Mayer’s
aves (M-waves) of BP and BFV were deﬁned, correspon-
ently.
The software ‘‘Statistica 7.0 for Windows’’ (Time Series
nd Prognostication module) was used for cross-spectral
nalysis of spontaneous oscillations of BP and BVF in accor-
ance with standard algorithm. PS between BP and BFV
as calculated in radians (rad) at frequency with maximum
mplitude of M-waves in BP spectra. While calculating PS,
e used a high coherence criterion at that frequency, where
coherence index between M-waves of BP and BFV was more
han 0.6.
In some cases we measured the CSF pressure and per-
ormed IT in lumbar cistern with use of lumbar needle
21 gauge Whitacre) and external transducer (Becton Dick-
nson, USA); in subdural space with use of latex ballon or
ptosensor probe (Codman, a Johnson & Johnson Company,
aynham, MA); intraventricularly with use of ventricularulti Dop X (DWL) where multichannel monitoring of all
arameters, including BP, BFV in MCA was carried out.
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Figure 1 Results of examination of the 35 years old female
patient with INPH. (A) MR image; (B) BFV spectra in both MCA;
(C) dynamics of BP and BFV and ARI during cuff test; (D) PS
between BP and BFV and amplitude spectra of BP within the
range of M-waves.
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Resistance of CSF outﬂow (Rout) was assessed by
Katzman—Hussey’s method [12] with constant-rate
(1.5ml/min) infusion of physiologic saline. In case of
communicating hydrocephalus we used lumbar access with
two needles on adjacent levels. In cases of occlusive hydro-
cephalus we used intraventricular access with ventricular
catheter and 3-way stopcock. The measurement of CSF
pressure in the lateral ventricles was carried out on the next
day after ventricular catheterization and then catheter was
removed. A strict aseptic technique was used to keep all
the preﬁlled tubing and the probes sterile. There were not
any inﬂammatory complications after procedure.
Indications to surgery (n = 16) were based mainly on the
data of clinical examination and the results of CT/MR imag-
ing. If the blockage of CSF pathways was caused by big size
tumor, their restoration was achieved by removing the tumor
(n = 5). In other cases of occlusive hydrocephalus and in cases
of INPH ventricular-peritoneal shunting (n = 8) or endoscopic
intervention — perforation of the bottom of the third ven-
tricle (n = 3) — were performed. Valves with middle-pressure
range and antisiphon device (Codman, a Johnson & Johnson
Company, Raynham, MA) were chosen for shunting.
Data were processed with applying conventional statisti-
cal programs (Statistica 7.0 for Windows, Excel). Parametric
(Student) and non-parametric (Kolmogorov—Smirnov) crite-
ria were used. Difference was considered to be reliable in
p < 0.05.
The protocol of the study was approved by the Ethical
Committee of the Polenov Research Neurosurgical Institute.
Participation in the study was possible only after receiving
a patient’s written consent.
Results
Depending on presence of ICH symptoms, all patients have
been divided in two groups. The ﬁrst group included 11
patients with hydrocephalus and signs of ICH on admission
to the hospital, the second group included 15 patients with
hydrocephalus and without signs of ICH.
Mean values of PI did not differ signiﬁcantly in the 1st
(0.81± 0.14 — on the left, 0.82± 0.13 — on the right) and
2nd groups (0.86± 0.16 — on the left, 0.82± 0.13 — on the
right).
At the same time preoperative ARI (6.5± 1.5 — on the
left, 6.1± 1.7 — on the right) and PS (0.9± 0.2 rad — on
the left, 1.0± 0.3 rad — on the right) were considerably
(p < 0.01) higher in patients without signs of ICH than preop-
erative ARI (3.7± 0.5 — on the left, 3.6± 0.6 — on the right)
and PS (0.5± 0.2 rad — on the left, 0.5± 0.1 rad — on the
right) in patients with signs of ICH.
The surgery was performed in all 11 patients with clinical
signs of ICH and in 5 out of 15 patients without signs of ICH.
In the ﬁrst group of patients postoperative clinical
improvement was accompanied with considerable (p < 0.05)
increase of PS on both sides (right — 0.9± 0.2, left —
0.9± 0.1 rad). In the second group of operated patients
without signs of ICH we did not observe any positive changes
in neurological state postoperatively. Mean values of ARI
(right — 6.3± 1.5, left — 6.0± 1.0) and PS (right — 1.0± 0.2,
left — 1.0± 0.3 rad) prior to operation in the second group
were considerably higher than the same values in operated
w
t
m
patients of the ﬁrst group. After surgery in patients of the
econd group PS had a tendency to insigniﬁcant decrease of
S (right — 0.9± 0.2, left — 0.9± 0.1 rad).
Fig. 1 illustrates the results of examination of the female
atient with INPH. She suffered of headache, but with-
ut dizziness and nausea. Evans’s index was 0.26, the level
f mental abilities according to FAB score was high — 15
oints. Baseline CSF pressure in lumbar cistern was nor-
al (12mmHg), Rout corresponded to the upper level of the
ormal range (15mmHg/ml/min).
BFV in both MCA were also within the normal range, but
I was high and indicated the presence of ICH.
At the same time PS and ARI corresponded to normal
alues and testiﬁed an absence of CA disturbance despite
nlarged ventricles according to the brain scan imaging.
aking into account minimal clinical symptoms and posi-
ive results of CSF monitoring it has been decided to refuse
rom surgery and to conduct dynamic observation. Further
mprovement was noted and the patient was discharged
rom the hospital on 10th day.
Fig. 2 illustrates the results of examination of the male
atient with communicating hydrocephalus and clinical signs
f ICH.
He suffered of headache, gait disturbance, incontinence.
vans’s index was 0.28, the level of mental disorders accord-
ng to FAB score — 9 points. Baseline CSF pressure in lumbar
istern was 18mmHg, Rout 17mmHg/ml/min. BFV in both
CA were within the normal range, but PI was low and indi-
ated an absence of ICH. However, signiﬁcant decrease of
RI and PS testiﬁed marked CA disturbance.
The patient underwent ventriculo-peritoneal shunting
hich led to a signiﬁcant regression of neurological symp-
oms. Evans’s index was decreased to 0.12, and the level of
ental abilities according to FAB score increased up to 15
oints.
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Figure 2 Results of examination of the 42 years old male
patient with communicating hydrocephalus and signs of mod-
erate ICH prior to ventriculo-peritoneal shunting. Notations are
as in Fig. 1.
Figure 3 Results of examination of the 42 years old male
patient with communicating hydro-cephalus and signs of mod-
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Arate ICH after ventriculo-peritoneal shunting. Notations are as
n Fig. 1.
Fig. 3 illustrates the results of examination of the same
ale patient with communicating hydrocephalus and clinical
igns of ICH on the 10th day after operation.
After shunting we observed signiﬁcant increase of both PS
nd ARI which testiﬁed improvement of CA. There has been
further decline in the PI, but without marked changes of
FV. The patient was discharged in fair condition on 12th
ay after operation.
iscussionhe problem of surgical treatment of patients with hydro-
ephalus has not been completely solved yet. Considering
he high rate of ineffective surgical interventions in
S
f
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ydrocephalus, reliable diagnostic and prognostic indication
riteria for surgical operations are required [10]. Monitoring
f CSF dynamics, including IT, together with methods of neu-
oimaging and evaluation of neurological and psychological
tatus, is still necessary and included in recommendations
or management of patients with hydrocephalus. However,
he use of ICP monitoring and IT is limited in clinical prac-
ice. The leading cause of their limited usage despite their
igh informativity and sensitivity seems to be invasiveness of
hese methods and long duration of investigation that may
ncrease the risk of inﬂammatory complications.
Thus, search of noninvasive methods of evaluation of CSF
ynamics as well as cerebral hemodynamics in these patients
eems to be an actual purpose. TCD due to its noninvasive-
ess, informativity and possibility of bedside monitoring may
e used as a method of choice. According to data of cerebral
emodynamics assessment received by TCD in patients with
ydrocephalus, PI does not always indicate ICH. However,
here is a reliable difference in CA in patients with ICH and
ithout it.
Positive correlation in all patients was revealed by cor-
elation analysis between ARI and PS (r = 0.82, p < 0.05),
hich indicate possibility of replacement of cuff test by
ross-spectral analysis. The latter seems more physiological
specially in patients with intellectual disfunction making
he cuff test more problematic.
It should be mentioned that some patients may have dis-
repancies between PS and ARI. In cuff test the decrease of
P may get below the lower limit of CA while cross-spectral
nalysis of slow oscillations is usually performed within the
imits of CA. Technical reasons may also cause discrepan-
ies between PS and ARI. Cross-spectral analysis requires
recise calibration and reliable ﬁxation of transducers mea-
uring BFV, BP and ICP, high signal/noise ratio during all time
f registration and high sampling rate of registering devices.
Postoperative registration of CA allows evaluation of
urgical operation efﬁcacy. In this study the group of
atients with normotensive hydrocephalus was presented
ith patients who either did not meet indications for surgery
r operation was not effective and did not signiﬁcantly
mprove quality of their lives. Conﬁrmation of informativity
f CA parameters in choosing management strategy requires
urther studies of patients with normotensive hydrocephalus
ompromising cerebral hemodynamics. It seems important
o compare CA parameters with MR and CT imaging not only
n the short-term follow-up, but also in the long-term one —
fter six and twelve months after operation.
onclusion
reoperative CA assessment being more informative than
I evaluation can increase TCD valuability in noninvasive
iagnostics of CSF dynamics’ state and may be helpful in
larifying indications for operation in patients with hydro-
ephalus.
ppendix A. Supplementary dataupplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.permed.2012.03.006.
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